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Nearly forty years ago, after having worked for a decade on the
determination of the structure of ‘relatively simple inorganic and organic
molecules, I became interested in a protein, hemoglobin. This interest arose
.rom the consideration of the structural origin of the sigmoid oxygen equilibrium
curve (Pauling 1935). It was soon extended to include the denaturation of
hemoglobin and other’proteins (Mirsky and Pauling 1936) and the
magnetic properties of hemoglobin and its derivatives (Pauling, Coryell,

Stitt, Taylor, Dodson, and Russell 1936 to 1940). The study of magnetic
properties has been especially fruitful in providing information abouf the
nature of the bonds formed by the iron atoms in hemoglobin with the neigh-

boring atoms of the porphyrin ring system, the globin, and attached
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molecules such as the oxygen molecule (Pauling and Coryell 1936;
Coryell 1939; Coryell and Pauling 1940).

The discovery of the abnormal hemoglobins was the result of the
consideration of hypothetical molecular mechanisms of the disease. In the
spring of 1945 I, together with eight men from medical schools, was
serving as a member of the Medical Advisory Committee of the United
S‘Eates government. One evening Dr. William B. Castle, Professor of
Medicine in Harvard University, mentioned to the other members of the
Committee the disease sickle-cell anemia, with which he had had some
experience. He told about the discovery of the disease by Dr. J. B.
Herrick, in 1910, apd ciescribed the characteristic change in shape of the
red corpuscles and the effect of oxygen in preventing the sickling and of
carbon dioxide in accelerating it. I suggested that the action of carbon
dioxide was to accelerate the dissociation of oxygen from oxyhemoglobin,
and I pointed out that the relation of sickling to the presence of oxygen
clearly indicated that the hemoglobin molecules in the red cell are in-
volved in the phenomenon of sickling, and that the difference between
sickle-cell -anemia red corpuscles and normal red corpuscles could be
explained by postulating that the former contain an abnormal kind of

hemoglobm, wh1ch when deox genat as the power of combining with

itself into long r1g1d rods, Wth /l’ A tw1ststhe red cell out of shape. The
opportunity to test this idea arose when Dr. Harvey A. Itano, a young
physician, came to the California Institute of Technology in the fall of 1946
to work with me. In a letter to Dr. Itano before his arrival I suggested
that he investigate the hemoglobin from the red cells of sickle-cell-anemia
patients, in order to see whether it was different from normal adult human
hemoglobin. On his arrival in Pasadena in September 1946 he began th:s
investigation. He verified the published reports (Hahn and Gillespie,

1927) that carbonmonoxyhemoglobin, like oxyhemoglobin, prevents sickling
of the red cells, and found that some other hemoglobin derivétives, includ-

ing alkylisocyanide-ferrohemoglobin, ferrihemoglobin, ferrihemoglobin



azide, and ferrihemoglobin cyanide similarly prevent sickling. He
developed a rapid diagnostic test for sickle -cell anemia and sickle-cell
trait, based on the use of a chemical reducing agent (Itano and Pauling,
1949). Most of the properties of the hemoglobin from the blood of
sickle-cell-anemia patients were found to be the same, to within the
error of determination, aé those of hemoglobin from normal individuals,
but it was finally clearly shown, by careful measurement of electro-
phoretic mobility, that the blood of the patients contains nearly 100
percent of an abnormal hemoglobin, differing from normal adult human
hemoglobin, and that the blood of the parents of patients contains an
approximately half-and-half mixture of the abnormal hemoglobin and
normal adult human hemoglobin. This electrophoretic work was
carried out wifh the collaboration of Dr. S. J. Singer and Dr. Ibert C.
Wells. '

In 1949 we published a paper with the title Sickle-cell Anemia,
A Molecular Disease (Pauling, Itano, Singer, and Wells 1949). In this
paper we communicated our discovery that patients with the disease
sickle-cell anemia have in their erythrocytes a form of hemoglobin
differing from that manufactured by other people. We pointed out that
the difference in molecular structure of the hemoglobin manufactured by
persons suffering from this disease leads to a difference in properties of
the hemoglobin molecu;les from those manufactured by other people, and
that this difference in properties is responsible for the manifestations of
the disease. The disease can properly be described as a disease of the
hemoglobin molecule, rather than of the erythrocyte itself, and ih conse-
quence it may be called a molecular disease.

Later work in our laboratories in the California Institute of
Technology and by other investigators elsewhere showed that the hemo-
globin molecqle contains four polypeptide chains, two 'of one kind, the
alpha chains, and two of another kind, the beta chains (Rinesmith,
Schroeder, and Pauling 1957; Rhinesmith, Schroeder, and Martin 1958).



It was then shown by Ingram (1957) that sickle-cell-anemia hemoglobin
differs from norrpal hemoglobin in having one of the 146 amino-acid
residues in each ]geta chain different from that in normal human hemo-
globin, the difference being a replacement of a glutamic-acid residue in
the sixth positionlfrom the amino end of the beta chain in normal adult
human hemoglobin by a residue of valine. Many other abnormal forms

of human hemoglobin have now been discovered, and many diseases have
been recognized as diseases of the hemoglobin molecule. Other molecular
diseases have also been identified. These diseases for the most part are
genetic diseases, the result of a gene mutation.

The disease phenylketonuria, discovered about forty years ago
by Folling in Norway, is another example of a molecular disease. This
disease involves a gene mutation such that the patient fails to manufacture
molecules of an enzyme normally present in the liver, which catalyzes the
oxidation of phenylalanine to tyrosine, or produces an abnormal enzyme,
with greatly reduced catalytic activity. The patients are homozygotes, who
have inherited the gene in double dose, usually from a heterozygotic father
and a heterozygotic mother. The patients on a normal diet have in their
tissues abnormally high concentrations of phenylalanine and some of its
reaction products, which cause the physical and:ﬂd?mental manifestations
of the disease--severe eczema, mental deficiency, and so on. ‘The treat-
ment that has considerable success is to place the patients, from the age
of one month or two months, on a diet of foods from ﬁvhich a considerable
amount of phenylalanine has been removed. This decrease in the amount of
phenylalanine ingested by the patients results in an approximation to the
normal or optirﬁ"gb concentrations of phenylalanine and‘ its reaction pi-oducts
in the body fluids, and to the alleviation of the physical and mental mani-
festations of the disease.

Another molecular disease for which a molecular treatment is
available is diabetes. This disease results from a gene abnormality such
that the patient does not manufacture the proper amount of the hormone in-

sulin. The disease can be controlled by the injection of insulin, to bring


































































